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ABSTRACT

The. compressive behavior and bueklingrstrength of
thin=- walled gusset plate connect1ons were examined on the .
has1s of an experlmental 1nvest1gat10n of full SCale |
diagonal brac1ng connect1ons. Such connections are commonly
used to transfer forces from a brac1ng member to the beam ' ‘
and column: through the gusset plate. A total of 14 tests
were run on six connect1on specxmens. Plate thlckness,v
.geometr1c con£1guration, boundary condxt1ons, eccentr1c1ty
and reinforcement were con51dered in planning the tests. All
"concentr1cally loaded tests falled in plate buckling. The
tests with eccentricity failed in bend1ng y1eld1ng of the
{spllce plates. The test. results were evaluated ‘baseqd on 1oad
‘and deformdtlon data. Attempts were ‘made to correlate ‘the'
eccentr1c 1oad1ng'test results with the beam-column formulas
and the~concentrio loadlng test results with the finlte ‘
-‘element program BASP Compar1sons are shown to be in |
reasonable agreement. Current design pract1ces are dlscussed
br1efly and .found to be very unconservatlve compared with
test results. A parametric study was undertaken by using
different thickness and size of gusset plates, different
thickness of splice plate and differentiboundary conditions. .
‘ A tentatlve des1gn gu1de11ne for gusset plate loaded in

compression is proposed based on test results and parametrzc

studies. A suggestion for further studles also is proposed.
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| . 1. INTRODUCTION ~ ¢
\ N | ~ | N o
1.1 General .
¥0ne of the most common- methods of conne?tlng two or
\,//more members together is by “a gusset’ plate/ﬁhlch is used to
transfer forces from one member to the o}her such as
connectlons in trusses or in braced st;él frames. Flgure 1. 1
shows a typical connectlon in a WarrgA!truss using double
gusset plates to transfer forces amoig m mbers. In the case

N

of bLaced_f:ames, elther ten51le or compre§51ve loads from a

dbrac1ng member which is de51gned to resist lateral forces
are transferred to the beam and column through the gusset
'-plate. The gusset plate 1s/normally bolted to the bracing
_member and connected to the column and beam by bolts or -
R welds. A spl1ce plate mﬁy, or may not, be used dependlng
‘ upon ‘the member geomeyry' Flgure 1.2 1llustrates such a
connectlon. AlthougH/lt is customay to assume that the
wmembers in gusset/plate connectlons are loaded only 1n thelr
ax1al dlrectlon 'the de11very of these loads w1ll produce
,bendlng, shear and normal forces in the ~gusset plate.
Desplte the popular1ty of thlS type of connectlon,‘the
f;dgusset plate has rece1ved relatlvely little attentlon 1n~
terms of strength, behav1or and de51gn 1nvest1gat1ons.'
Current de51gn spec1f1cat10ns only ment;on the design
‘phllosophy (CAN3 S6-M78 1978) and have no spec1f1c formulas‘

for evaluatlng the dlmen51on and thlckness of a gusset

plate. The trad1t1onal methpd of gusset plate de51gn (Kulak
o . . ,



, o o 1' o ,z
et al. 1987) is primarily based on the elastic analysis and
Jthe.streﬁgth of'materials, caombined with the experience,
past practice. and the engineer's intuition. Thus, variable
margins of safety of the gussei/plate may result Prom the
assﬁmpfions that were used in the design. '
:‘Recently, a few analytical and experimental studies
have been conducted to determine the behavior and ultimate.
‘strength'of the‘gosset plates loaded in tension (Bjorhovde
et. al. 1983- R1chard et al 1983) which aimed at'providing a
rational des1gn method w1th a consystent factor of safety

against fallure; However, these studles did not addwgss the

‘problems of'ggsset plate connectlons in whlch the load was

A gusset plate loaded 1n compré551oh 1ncreases the
'complexlty of’: the connectlon. Common yield stress analy51s
cannot represent the actual'stress dlstr1butlon because of
‘ load'concentration; warping of the‘plate seetlon, local

y1e1d1ng amd local eccentquﬁty All of these may cause

buckllng or crlpplang in the area of gusset plate ad]acent

to the d1agona1 member or to the sp11ced locatlon. Ih

add1t10n due to the uncerta1nty of the boundary condltlons,

: the pred1ct10n of°the ‘buckling load becomes extremely
~d1ff1cu1t. In add1t1on, compre551ve stresses along free.

- edges of gusset plates may cause local buckllng and

1nsuff1c1ent gusset plate th1ckness may cause unacceptable

deformations in the connection.
’ v . L. . Q
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1.2 Object1ve and SCope |

It can be seen from the above dxscu551on\that there is
¢
| -

11ttle research e1ther theoret1ca1 ar exper1mental, on the
ompress1ve strength of gusset plates. Tnereﬁore, ‘a research
'prOJect sponsored by the Canadian Steel Construct1on Counc1L

.

was initiated to 1nvestlgate the behav1or and strength of -

L)

Agusset plates loaded in compre551on. The main object1ves of‘
the proyect are follow1ng~ | | ‘ '
'1.‘ Prov1de experlmental data for the varlous de51gn

parameters. - : ’ SR
2. ‘Evaluate current de51gn methods. “

3. Compare the test results w1th\the analytical studies

using finite element programs. S

4. ‘Establlsh prelimjnari_deslgn rules, ;?\possible, SN
54 Iéentify the'areasﬁrequiring‘further investi |
- Because of thevcomplexity of.the problem, the res
program_developed to}fulfill these pnrposes.waszprimarily' TN
one of.experimental investigations; Tne tests results are
;compared both with the cnrrent design practlces'and
g analyt1ca1 studles u51ng f1n1te element programs. The scope
Rof the 1nvest1gatlon 1s 11m1ted to the follow1ng.

1. Single gusset plate connect1ons of a dlagonal.bracing in
Steel ﬁrames were used. o

2. ForceS‘whicﬁ éxist in b ebbeam and colUmn were;
neglectea.

3. The‘variables\chosen for investigation are plate

thickness, plate]size, boundary condition and



-eccentricfty. ‘
4. It was planned that the gusset plate in most of the

tests would fail in elgstlc buckling. g
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.. Figure 1.1 Typical Gusset Plate Connection in a Warren Truss
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Figure 1.2 Typical C)onnecti-ons in a Braced Steel Frame
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2. LITERATURE" REVIEW -

2.1 Introductfon

As’ﬁéntioned in Chaptér 1, the cﬁrrent“design method of
gusset piates is‘mainly the result of experience, general
2pract1ce and the englneer s 1ntu1tlon. Current design
spec1f1cat1ons only give the design phllosophy and have no
‘/spec1f1c*formulas for evaluating the d1mens1on and the
tﬁickness of'éusset plétes. The CAN3-S6-M78, Design of
Highway Bridges(1978) states in clause 7.13.4.1 :

veesessThey (gusset'pfates) shall be of Qmple
‘thickness to‘rgsist shea:, di:ect stress, and flexgre‘acting

' 3

on the weakest or critical section. LA A :
S : Vo
3

I£ is easily understoad that a rational design method of the

gusset plates is of significant interest. | | | |
In this chapter past erk ddne on gusset plate

'-connections is reviewed. A few studies,'both experimental

.and analyﬁié;l}yhave been conducted recently to determine

the general behavior and to evaluate the ultimate strehgth 

of:gussét plate connections and these are.also reviewed.

Current design practices are discussed.
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2.2 Analytxcal anqpnxperimontal Works in Gussot PlatesJ

In 1952 Whitmore (1952) 1nvest1gate8 the ‘stress
distr1but10n pattern on a scalegratﬁo of. 1:4 alumlnum gueset;‘
'plate model which represented a prototype of Warren truss
jOlnt. Based on this test, 1t/was found that the maximum
tensile and compressive stresses were near the ends of
tension and cempression diagonals, as shéwn on Fig. 2,1,
Whitmore alschconcluded that using the beam formulas which
calculated the direct, bending, and shearing stresses on a
plane through the end of the dlagonals gave. m151ead1ng ‘
results. There was a 51gn1f1cant dlfference between the
calculated and observed stresses partlcularly at the edges
" of the g}ate, as shown in Flg. 2.2, Based on .these
observations, he introduced the well- known effect1ve width
concept to calcu}ate the max1mum normal strees in the plate,'
~in wh{ch it was assumed that the stresses were uniformli/
distributed over en ereé at the end of each-diegonal member
and using'a_spread out angle of.30 degrees. This cencept o
gives-a reasonable result compering.to the teEt teeult and
has eince heen used as one of the primary tools of gusset
plate desigh.‘This methdd.is illustrated sChematiCaliyiin' '
- Fig. 2.2. A -few reiated studies were conducted by othet
- investigators thereafter. |

Irvén(1957) ihveétigated the,primarg‘stress in the
double ulene gusset pletes ef,a‘Praﬁt trusé in 1957. The -

locations of the maximum stresses were similar. to Whitmore's

test results. However, hiS'estimation of the maximum normal



P

stresh was slightly different trom Wwhitmoré's. He suggested
that the effective{width could be found by drawing 30° lines

from the center of)-rav1ty of the group of rivets to

1ntersect a line pa‘s1ng through the bottom row of rivets. A

\
\

Davis(1967) and Vasarhelyi(19l1),
elastic flnite elemeﬁ% etudy'of a
speclfic‘gusset plate:wDavisfperformedlhis’study on the,
gusset plate used by Whitmorevand confirmed his results.
:ﬁvasarhelyi evaluated a lower chord'joint in a simple Warren
truss and noticed that the maximum values of stress in a
gusset plate calculated by varlous 51mp11f1ed methods are.
_only sllghtly different. On the other hand he found that<ay
the corresponding locatlons of maximum stress mlght vary
substantially. |

p Struik(197é) studied the problem in the elastic as.well
as in the inelastic range using the;elastic-plast;c finite
element analysxs He simulated the fastener holes in an )
approxlmate manner by using a spe01al load- deformatlon-”
relatlonsh1p for uniaxially loaded.plate coupon spec1men
with holes. The tensile strength of the material was assumed
ta be 482 kN at a strain of 15%. Reaching the tenéile .‘
strength in-ene ornmore,element57was tdnsidered so result in

failure of the gusaet'platefand defined the, ultimate load. -

Struik's elastic-plastic. analysis lndicated that a large and



‘y variable margin of safety\ggfa e

\\ . . B , v\ 10

g?tailure.fs inherent in the.

current design practice £o} é%,;?% plates.

Recently, several studies have been conducted to
determ1ne the behavxor and ultimate strength of gusset plate
connect1ons which aimed at prov1d1ng a rational des1gn
method. A test was conducted at»the Un1vers1ty of Alberta by
Bjorhovde(1983) to determine the ultimate strength of gusset
plates used in diagonal brac'ing connections. This study
involved testing of full-scale connections between a
diagonal bracing member, a beam and a column. A total of six
tests_were’performed'bY‘uETng two different plate-
thicknesses (3 mm and 10 mm) and three different oracing
member orientation angles (300, 4o°.and 600); as shown inw
Fig. 2.3. and trled to coyer‘the;most coﬁmon geometries. It

was observed that-the pfimary failure of the gusset plate

~

'was a tearing across,the'last row of bolts of the splice

“connection between the gusset plate and°the bracing member

in themdirectionkperpendiculaf to the'aoplied tensile load.
Also, it uas found that plate buckling as a result of .
secondary effects appeared to be a 51gn1f1cant factor.
‘Non-linear finite element analyses of gusset plate
behav1or have been conducted by Rlchard (1983) and compared

’area of

#

with Bjorhovde s test results. It was shown that the

low strain gradient agreed quite well with the test result

and also cconfirmed that the maximum normal SQresses are
located . Hr a redion near the end of the gusset plate

connect1on. More recently, Hardash and Bjorhovde(1985) at
P ’ ' o “ \
R o : \



the Universiéy of Arizona éiudied the results of tests:
performed on 39 gusse;‘pla;es. They dsed the block-shear
‘concept of coped beém-to-column connections for the gusset
plate loaded in tension. It was concludéd that the governing
_ tensile:strength of a gusset plate was'to be the one
inéorpo;atihg tensile ultimate stength on the net area
between the last row of bolts and a uniform Fffective shear

utside bolt:

~.

stress acting on the gross area along the o

lines, as shown schematically in Fig 2.4". At the same time,
Sy \ .
. S : .
there was a series of experimental investigations of gusset

¥

truss joints éonducted by Yamamoto'et. al (1985) in Japan
for the purpose of providing unified formulas\for the gﬁsset,'
plate thickness in a connection with *
fruss-stiﬁfening-girdefs of suspension bridges in the.
Honshe—Shikbkv Briége_%roject. This program was performeé to
determf;é the stress distrﬁbution, the maximum.stress
‘intensity aﬁd its location .in tw6 types of double plane
gusset piates, The results were similar to Whitmoré's
resu;ts.‘éeverai eguations wefe prdposed. However, this
investig;fion was only dealing with the in-plane elastic
“~ behavior and h? buckling problem wa; coSETBe:ed.‘
2,3.Current Désign Methd
The‘currént design methbd of gusset.plate is mainly the
[result of experience, general practicé anéfintuition,

combined with some simple provisions in specifications.
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The traditional method mentioned is summarized as
follébs.‘xt is assﬁmed that all fastc?ora carry an equal
share of the m;mber force to determine the number of
fasteners required, The planar configuration of the plate
then can be selected to place all of the fasteners. Stresses
,a:gveva}uated on the most critical section by using beam
formulas as described previously. |

An alternative method is performed\by evaluaLing the
critical normal stress ﬁaing Whitmore's effective width
concept. The normal stress at this effective area (Fig.2.2)
should not~exceed the.allowable.stréss\permitted by the
appropriate specification.

CAN3-S6-M78 states the gusset plates shall have enough
thickness to resist shear, direbt stress, and flexure,
acting on the weakest or critical ééction of maximum stres{.
In order to avoid theipossibility of local buckling along
free edges of the gusset plate, it limits the length of an
unsupported edge of a gusset plate to a maximum valﬁe of
945//F; times its thickness. / o

The Canadian Standards A§sociatioa CAN3-S16.1-M84
(Steel Structures for. Buildings-Limit Staté Design) gives a

simple equation to check the. shear 5tress in gusset plates.

»

The total factored shear resistance of the gross grea of
gusset plates is to be taken as : V, = 0.50 & A  F , where &
4 . .

is resistance factor, A, is gross area and F, is yield

strength of the platé.
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_;members by boltlng or weldlng the spllce plate to. a gusset
. RS
plate, whlch 1s connected to the other members -as “shown in
Fig. 2.5. In des1gn practlce,-some englneers evaluate then
th1ckness of gusset plate of thls type by con51der1ng the
--gusset plate as an exten51on of the bracing member and
. treating 1t as an aX1ally loaded compreSs1ue‘member with an
est1mated effect1ve w1dth ThlS approach neglects the
eccentr1c1ty that exlsted in the connectlon.‘The
‘Jeccentr1c1ty of the two plates 1n the jo1nt causes lateral
dlsplacement of the gusset ‘plate and thlS may 1n1t1ate a.
lpremature fa1lure. An unpubllshed 1nvest1gat1on (Gllmor,'

M.I., 1985) found that by st1ffen1ng the gusset plate to

offset the effect of the eccentr1c1ty, an 1ncreasedtload'

y

vcarrylng capac1ty resulted However the effects of the_
eccentr1c1ty and the stlffeners on the ultlmate strength of

such’ connections under compre551on are’ stlll unknown. -

\

13 -
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3. EXPERIMENTAL PROGRAM '

3.1 lntroductlon‘
ns mentioned in Chapter 1, the purpose of the
exper1mental program was to 1nvest1gate the general behav1or
and the actual failure mode of a gusset plate connect1on in
a braced steel frame under compress1ve 1oad1ng. A brac1ng
member subjected to compre551on in a\steel framé may fall
_”e1£her in the brac1ng member itself or in the gusset plate
wh1ch connects the bracxng member to the beam and the |
column. The brac1ng member may be a w1de flange ‘section or
consist ‘of two angle sect1ons, as shdwn in Flg 1.2, and its
: ult1mate load carrylng capac1ty can be read1ly evaluated by
the buckling or y1eld1ng criteria (SSRC Gu1de, 1976)
However, the ultrmate load- carrylng capac1ty of gusset
plates is very dffficult to evaluate due to its éomplicated.
configuration, boundary cond1t1on ‘and re51dual stress_ h
“pattern.\If a brac1ng member 1s strong enough to re51st a
large compre551ve load, the brac1ng system may stlll fail
due to the buckling of gusset plates, In such a case, the
brac1ng member act1ng as axrestralnlng member provides the
rotatlonal restraint to the plate. The assumption was made
.1n des1gn1ng the experlmental program that the. gusset plate
buckled pr1or to the fa11ure of the brac1ng member and the
urotatronal restralnt provided by the_brac1ng member is

-

_infinltef
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‘3,2 Preliminary Cons;doratxon

- The exper1menta1 program was de51gned to represent the
conditions of.actual gusset plate connections. Thus,
full-scale single.gusset plate connections of a diagonal
'bracing member at the joint of a beam and a column were
used as shown 1n Fig.1.2. The var1ables of th1s kind of
’ connect1on -include plate thlckness, plate size, angle of
bracing, type of connect1on (welded or bolted),
cross sectlon of bracing member, thlckness of spllce plate,,
/length of spllce plate, load1ng 51tuat10n, re51dual stress
pattern, etc. In order to 51mp11fy the problem, the
variables considered in the experimental program are
ninimized and intended to cov;r'only the most’inportant
-parameters of such connect1ons. ' _ - .

The test spec1mens ‘were de51gned to fa1l in the elastlc-
"buekllng, thus, thin plates were used From ba51c plateA
%buckllng theory, the buckllng coeff1c1ent is related to the
“width to depth ratio, the type of loadlng and the edge
boundary conditions. Thus, two_d1fferent sizes of plate weré
,selecteduto evaluate the effect of the aspect ratio on the
.magnitude of the buckling load. The edge' boundary conditions
were designed to simulate‘the actual behavior of a gusset
plate and divided into two different”cases, namely a 'Free
Case' and a lFixed Case';vThe most common bracing angle'ln ,
practlce ranges from 30 to 60 degrees- it was thought that a

45 degree angle should represent this range and be easy to

analyze. Also, ior the purpose 'of_el1m1nat,1ng ’effect of

.
A,
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5
residual eamges on the buckling load, bolted connections

¢

vere used. Another consideration chosen in this project was
i)

Y

the loading condition, including concentric loadlng and
eccentrchloadlng, in .order to 1nvest1gate the effect of
eccentr1c1ty on the béhaviar and strength of gusset plates.,
n'the eccentrlc load1ng case, different thlcknesses of
splice plate were used to produce an eccentrlc loadlng The
effect of a stiffener-{used to increase the flexural r1g1d1ty

of the splice plate and the magnitude of failure load was

also examined.

3.3 Specimen Descr1pt10n

‘Based on the prev1ous\con51derat10ns, a total of six
gusset plate specimens with varylng plate thickness and
‘plate size were designed and the actUal dimensions are
listed in Table 3.1. The thicknessés of splice plates”used
in each test spec1men are also given in Table 3.1. Pwo
Adlfferent th1cknesses of gusset plates (6.7 mm and 3.11 mm)
were used in the test spec1mens. The detall of the t;o
different plate sizes (850 mm x 700 ‘mm and 850 mm x 550 mm)
used in the test spec1mens are sthn in Fig 3.1. The gussetﬂA'
t plate specimens vere desiéned boobe loaced at, 45 degree by
the_bracing membe:. Plates C 1 .. were 1oaé;a a
concentrically while-plates :toapd 2f %ere-loaded'.
eccentrically. For. compariso- purncses, plates E5 and Eé
have identical’ cross sectional plhpuxtles to plates C1 and

'C3, respectlvely, but have different 1oad1ng condltlons and
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0
d1£ferent thickness of splice plates.

) In all ‘cases, the bracing member and the gusset plate
were connected through splice plates by means of 3/¢ in.
'dia. A325 bolts. Twelve bolts were used in each specimen to
ensutetno‘oolt failure prior to specimen fai;ure. To
s;mplify the set-up and redpce the end restraint ftom tne“
'boundery, welded'end'plates were used in the test specimens. -
Detail of two different sizes‘of splice.plate54and

arrangement of bolt holes are shown in Fig. 3n2.
. ° ‘

®

3.4 Test Set up
A gusset plate connection used in.a braced steel fram:
might deform out of plane due to compressive loading as
‘shown in Fig. 3.3a. The upper end of the gusset plate which
connects to the bracing member moves out of plane. Howeve:,
the lower end of gusset plate, wh1ch is welded or bolted to
the steel frame, remains_in plane due to the rest;aint
providéd by the steel frame. This deformed shape cancbe
simulated by:thejsteel freme;shown in Fig.bg.jb‘in’which the
bracing.member‘and upper end of gpsset plate remain in plane
’_while the 1ower end of gusset plate along. with the steel
nframe moves out of its original plane..To simplify the test
set-up, tne simuletion of Fig. 3.3b was usedl The schematic
test set-up is shown in Fig. 3;4‘and Fig. 3.5bis_a. |
photograph of the assembled set-up. To further simplify the
. . . .

test set-up, the forces that exist in the beam and column to

balance the compressive load in the bracing member were
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neglected. Althongh'this-may not reflect the actual forces
in the beam and column, the effect of ax1a1 load in boundary
elements on the buck11ng strength of a plate generally 1s b
negl1g1ble and this assumpt1on 1s,nsed in the current local
buckling design criteria. The gusset plate itself was
directly welded .to the edge plates instead of to the beanm
and column and it was then bolted to the test frame 'through
these pre-welded edge plates. It was recognized that for a
thin plate the boundafy conditione would be similar to the
direct welding to the beam and. column. The test frame ‘
consisted of two W31Q X 97 beams with 12 mm tnick end
plates. These beam were welded to-a 305 mm x 1100 mm x 12 mm
plate. A'W 250 X.SB section was bolted to. the gusset plate
chrough splice plates ‘to act as a bfacing member. ToO prevent
transverse movement band. allow‘ the bracing mem.B“ to move '
verticaily, tension bars were used through the last row of
‘bolt holes and located on the bottom of the bracing member.
The tension bars were tightened by ‘turnbuckles and nuts to’ a
>pa1r of auxlllary ‘columns about 5m away on: each ‘side of the
test frame The test frame, with the specimen in place,‘was
‘then set on a palr of rollers to allow it to move laterally.
To prevent sudden k1ck1ng out of the test frame and to
‘create differentjboundary conditions, a pair of angle
stoppers were located %on each side of the test frame. The
egap between the stopper and the specimen could be adjusted

by a bolt which, vas placed on the center of. the stopper.’

Follow1ng plate buckllng, the bolt was. losen manually until
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it reached‘its max imum allewable displecement whﬁch was
limiteq by the\thrning over of the rollers. The gap also .
could be elim{nated by é&irtened the bo}t which created the
case of fixed bohndary co dition. The magnitude of the
applied load and the vertical disblacements of'the‘specimens

were monitored by the MTS test machine.

3.5 Instrumentation

The epecimens were instrumented using linear vafiable
| - displacement transducers, ( LVDT ), strain gages and a’dial
gage to measure displaceme;ts and straihs. In order to

~

heasure strain in the gusset plates, straln gages werex
~placed on- each spec1men in pairs, one “on either ;;ee of the
gusset plate. The location of .the etraln gages was»dec1ded
‘on the basis of previeus tension test experience |
(Bjorhovde, 1983) and the predlcted results using the f1n1te
element pethod (R1chard,n1983)' A pair of rosette gages Qas

/

' placéd on the possibljizfxlmum normal’ stress point. For the .
specimens subjected to

n eccentric load an additional pair
of straln gages was put on the location where a plastlc
Lh1nge could possibly form. The locatlons,of the strain gages
:are shown invFEgs.a3.6 and 3.7. . \ | |
The buckling shapes of the plates were'monitoted by

three seté off LVDTs which recorded the deformed shape§ of

twe free edges and\the centet ;ine of the ioading pathhee
~ ‘shown in Figs. 3.8 and‘3.§. Two LVDTs wete placed on éh o

e

bottom of test frame to measure ;he'possible twisting of
./

# B
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‘test frame. These LVDTs were placed on a tehporary frame
which was located about 4 m away on the east side of the
specimen and conneqtéd to the specimens via brass wires as
shown in Fig. 3.10, An'LVDT was placed on the conjunction of
bracfng member‘and gusset plate to measure the vertical
‘shortening of‘gusset*plate.

A digl gage was located on_the bottom of the west side
of the test frame to monitor the_test proceés as shown on".
the lower left corner in Figg. 3.8 and 3.9. Each of: the
stfain‘gaggs,‘LVTDs, MTS load cel; and MTS stroke was then

assigned a specified channel connecting to the data

acquisition system.

3.6 Test Procedure

Fourteen tests were run on these six specimens in order

to best utilize the material. These tests were divided -into

. v .
two different categories - concentric loading .(plates C1 to

C4) and‘eccgptric loading (plates E5 and E6).

Eight concentric loading tests were run on the plates

-

.Cl tp_C4 forAthe series C, in which Ewd tests were conducted
for each platéQ These cprreSpohded/to the 'Eree Case' and
'Fixed Case', respectively. The free case allpwed the bottom .
of the test frame to movezléterally and fixed case did not
allow such movement, but fér both cases the rotation at the-
bottom of the test frame:was prohibited. The‘tesé proceduré
was generally the same fornplates C1 to C4. First, the

. - o - ) . {
specimen was tested in the free case. The plate was loaded
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nin increments until the load versus lateral displacement
curve'became nonlinear. Stroke oonrrol vas thep used. They
test was termxnated when the predeterminated maxxmum lateral
dlsplacement was reached or the maximum load was obtained
and unloading occurred. .The maximum allowable lateral
displacement of the roller undernearh the teet frame was'SO
mm., To‘prevent spdden kicking out of the specimen due to
energy release of the fr1ct10o built up within the rollers,'
a pair of angle stoppers was putmon each side of the test
' frame. The test specimen sprang back to its‘priginal
position when the load was removed and stoppers‘were'
proVided subseqguently at the roller locations in order to
preventﬁmoeement of the bottom of the specimen. A new test,
corresponding to the fixed case, was then conducted until
‘the specimen reached its ultimate ioad.

| For the series E, six eccentric loading tests were
_perfo;med on the two gusset plates E5 and E6, in which three
cases were tested on each plete. these were called 'Free
without Stiffener', 'Free with Stif;enerY and 'Fixed with
.Stiffener;, respectively. The details to produce the
.eccentriciry and to reinforce'the splice plate by using a.
stiffener for different cases are shown in Fig. 3.11. The -
test procedure followed the sequence of the above three
‘cases. For the case of free without staffeper, the bottom of
the.epec1men was frea to.move until it reached its'ulrimate

lggo. To conducted the second case, the spepimen.ya§ then

forced\Béck‘to its original position and stiffeners were



.

f added at the spllce plate locatlon, as shown 1n Flg‘ 3 11
(TYPE Biand C) and ‘the spec1men was reloaded aga1n until it
"reached the maxxmum load. For the last case, fixed w1th
»st1ffener, the speé&men was moved back to its origiaal
‘locatlon and a. stopper was prov;ded at the‘bottom’ofithe

rollers and the test procedure was the ‘same as before.

(4
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4. EXPERIMENTAL RESULT.

| e )
4.1 Introduction - "

The results of the experimental program are‘Presented
in this chapter. The material properties of the test
‘specimen are presentéd_@n Secﬁion 4.2, Section 4.3 describes
the general behavior ahd»the results-of the test of the
concentric lbadihg. A description of thé eccentric loéding
test is presented in Section 4.4. The summary'of the maximum
load, P, ., obtained from each test is given in Table 5.1 and
will be further compared and discussed in Chapter 5..

©

4.2 Material'Properties_ .
Table 4.1 lis;s the:values of elastic modulus, static

. yield point and ultimate strength as determined from tensiié\
tests on the;&bupons taken from the material ﬁsed in the

test specimens;.TVO coupon tests were performéd on each
different‘thidkness of plate, an@ the average values are
reported. These COuﬁon tests were conducted according to the

3

ASTM standard (ASTM 1985).

4.3 Concentric Loading Test Results
_ . L
As mehtioned in Chapter 3, eight tests were run on four

gusset pla¥§E&4n this series. Two tests were condudted on
each plate with different bdunda;y conditidns, n?mely 'Free'v
Case' and 'Fixed Case'. The test results'of%'Free Cése' are
discussed first in this section followed by the results of

,

_ 40



.'Fixed Case’. -

4.3.1 Free Case

‘v';. ‘ . & ) .
1n this Case, the boundary condltlons on the upper end

- of test spec1mens were des1gned to prevent both rotatlon and

°

translatlon, wh11e on the lower end rotation was fixed with

‘«translatlon permltted;

3 dlsplacement wh1ch 1nd1cated that no tlltlng occurred 1n"

‘
~ 2

4.3.1 1'Ceneral Observatio} Z,H .

”»

All spec1mens in tﬂis case failed as a- result of

,overall buckllng of the plates themselves. When the

applied load reached a certain value, the gusset plate '

started to buckle by the bottom of the test frame mov1ng

laterally out of 1ts or1g1na1 p051tlon.

g

The maximum latergl deflection occurred at the

bottom=o£ the .test frame. The LVDTs at these locations‘

_showed that both rollers had the same amount of': -

d1splacement and no tw1st of the test frame was
recorded The other two LVTDs located on the end of both

free edge of gtsset pﬁate also showed the same amount of

vthe test frame. The buckllng shapes of’ the sSEc1mens

'along two free edges and the center llne of splice - plate

1

were plotted u51ng ‘the LVDT data from each locatlon,v
(o o
normallzed by the max1mum dlsplacement as shown in Fiq.

.1.a§he photograph of the deflected Shabe?takéﬁ”from .
the short free edge of tpe plate c2 1s shown in Flg.

4 2 They are very 51m11ar to the’ buckllng shape of @

.

v



o curves, the same thickness Sf spec1mens e

. "/ ' C 42
C ‘ o .

slender column w1th upper end fixed both in rotatlon and

’translat1on and lower end flxed in rotation but free in
/

.translatlon. They w111 be further compared with
L

'analytlcal SOlUthﬁS in Chapter 5>
) - The bolted connectlon w%slproperly‘designed to
ensure thatuno holts‘failed'befOre’the maximumwloadrof‘
the plate was reached ‘No sl1p occurred between the
‘spllce plate and gusiep plate and no yield line was
observed either on the splice~plate or on the gusset
plate durlng the tests . |

ter unload1ng, the 6.7-mm gusset plates sprang
back to their initial position ‘'with little residdal " - ;
lateral displaceﬁent, However, the 3.11 mm gusset pl;te% //g

-recovered only\part:ofatheir lateral diSplacement.'There”

was a, large residual displacement.

PR 2

4.3. | .2 Behav1or Dur1ng Loadlng : »,'fffr"xﬁi

| The axial load versus vertlcal d1splaceme@t curves
~are plotted in Flgures 4;3 to 4. 6 1n whlch the load and E
: stroke dlsplacement from the testlng machlne are usedf

'dFlgures 4,7 to 4. 10 give the curves of. the axI l load

versus lateral g1splacement in wh1ch;p}

deflectlon at the bot tom ofythe test frame ig: used;

From the ax1al load versus vertlcal d1splacement

{gblted

_‘1 slm1la; behaV10r§$?10§KtO reachlng their. max1mum load,

Durlng the 1n1t1al loadlng stages, nonllnearity was

L v (

Iobserved dUe to the settllng of test1ng flxtures and the

: : . L4
- . SO 3

P



nonun1form bearlng at the two ends of the spec1men.
Follow1ng this, l1near elastlc behav1or was observed for
the thlnner plates c2 and of) up to a certain value, then
the curves gradually- turned to. the1r maximum load level
as shown in Figs. 4 4 and 4. 6. This can be attrlbuted to
the large 1n1t1al 1mperfect10n that existed in the

th1n -walled specimens. However, a sharp turnlng to a
maxlmum load after l1near elast1c port1on vas observed

" for the thicker plate €3, as shown in Fig. 4.5.

To prevent suddenztailurenand the possibility of
the spec1men kicking out, stroke contrdl ‘was used when
curve started to become nonllnear. Tests were stopped
either when the<load started to decrease or when the
lateral dlsplacement.reached about 70% of the maxlmum
allowed value'(50 mmi | '
| s The curves of ax1al load versus lateral
displacement also behaved dlﬁferently w1th d1fferent
plate thlcknesses. The curves for the 6.7 mm plates

(spec1mens C1 and C3) show that before buckling, the

plate remalned relatlvely stalght. Beyond thlS point,

larger deformatlons correspondlng.to an almost constant.

1load were observed For the 3. 11 mm ‘thick plates, which
were CZ and c4, the curves gradually turned to the1r

‘maximum loads, preceeded by only a small lxnear portlon.
Agaln, thlS can: be attrlbuted to thé ‘large 1n1t1al -ﬁ

1mperfect1on of the plate sectlon whﬁph vas 1ndmced by
the end: plate weldlng akd tlghtenléb up the spedﬁmen to

' . / i . .
. 1 . E
. N t : 3

y

il
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the test frame. The changlng slope shown in F1g. 4.10 of

' plate C4 probably represents small local buckllng due to

initial 1mperfect1ons. .

The 1oad versus vertical'displacement curve'(Fig.

1
4. 3) and the load versus- late;al displacement curve

. (Flg.-4 7) of test C1 show a sudden increase in the

~was then used to determine the actual buckling load &

maxlmumploadlng capac1ty. It was caused by the bottom of

the test frame hit the stopper at the reading #10. The

‘stopper was moved outward slowly at readlng #15 and the*

specimen moved laterally, accompanled by a loadlng

decrease. The spec1men was ‘unloaded to approximate 145

kN and reloaded‘again untilztheuload reached its maxfmhm
load. o ) ) o

%

. The Southwell plott1ng techn1que (Southwell

A

a method for pred1ct1ng the buckllng load in el:s”

2

reglon withoutractually loadlng:the spec1men to,m

this plate. THe test data of load versus lateral -

- displacement were plotted«in the form of,lateral.f

1 displacement over loading versus lateral displacepent

,”curve, as shown 1n Fig. 4. 11, The slope of the thick

s

~

solid 11ne in thlS plot is expected to represent the
actual-buckllng load of the specimen. The pred1cted
buckl1ng load of 439 kN by“the Southwell plot agrees

very well w1th the measured maximum load of 441 7 kN

"The dashed llne zn Flg, 4.7 was determlned by us1ng the

slope Lnigﬁy Southwell plot (F1g. 4.11) to calculate the
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corresponding loading and could be used toirepteSentqgigﬁ”
actual test curve without interruption of load.
The principal stresses and the principal planes

located at the spot of the possible maximum compressive

" stress were calculated using the rosette gages. The data

were based on the average strains of gage readings on

both sides df gusset plates; The orientations\@f the
principal plane for the 6. 7Jmm plates inndifferent
lpading stages, remalned constant. For the th1nner
plates, thlS angle d1venged after the Toad reached about
80% of its maximum recorded value. The normal ’
compre551ve stress along the. appl1ed load d1rect1on at
the rosette gage locatlon was%o calculated and the
curves of load versus normal compre551ve stress for _ .
d1fferent plates are presented~1n Flgs. 4.12 to 4.15:
Llnear elastlc behavior existed on the th1cker plates
before reach1ng their maximum load However, nonllnear
behavior ex1sted-for the thinner plates after the |
applled load exceeded approx1mate 80% of the max1mum
recorded load. None of the average pr1nc1pal stresses of
the tests exceeded the yleldlng strength of the materlal

from thls calculatlon.{However, the experlmental data

show that part1a1 compre551ve y1eld;ng\o9curred on the

west 51de of plate 'C2 at the rosette gage locatlon. ThlS

was probably due to the large lateral dlsplacement of

.

the plate. Compar1son of test data with the Wh1tmore'

,model and an analytjcal solution will bexgurther.\

0.

v E]
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, dlscussed.in Chapter 5.

:3 .2 Fixed Case

‘The same plates were aga1n used to perform the second
et of tests with different boundary conditions. The plates
'ere adjusted back to the1r 1nit1al 1oad1ng position. Two'
itoppers vere praced on both sides.of the test frame. These

>revented the rollers from-movrng. In this mahner; lateral

:ranslation,oiwthe%test frame was prohibited.
. | . e S , 0
4.3.2.1 General Observatlon - : -

All ;pec1mens fa1léﬁ as a result of buckllng of the
gusset plate. ‘The maximum deflection due to the.buckl;ng
of the plate occurred at the 'mid-point of the longer .

free edge. ) - _ N
The deflected. shapes of two free edges and the
centerllné.of the load1ng path ihow the idealized
fixed- fixed end boundary. fondltlon for the th1nner
plates (C2 and C4), as shown in Fig. 4. 16. Relatively
~ large rotat1ons vere observed on the upper end of the N
Lgusset plate for the thlcker spec1mens at the e
: con]unctlon of the ‘gusset plate and brac1ng member, as
shown 'in Frg. 16 In plotting the results, these |
deflected shapes were nornalized by the largest lateral
deformatlon, which was located on the center of the -
. longer free edge. The photograph of’ the’ buckled shape ‘
taken from the longer free edge of spec1men C2 is shown

a

in F1g. 4.17. The comparrson w1th an analytical solutlon
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will also be discuesed‘lh Chapter 5. |
Compre551ve yield was observed on the spl1ce plate
near the top row .of bolts cohnectlng the spl1ce plates
‘' to the gussgt plate for both plate C1 and c3. Th1s ‘was
‘due to the hlgh ax1al load and the large lateral
deformation of the gusset plate. It 1nd1cated that the
‘ Stat1on at - thls locatlon was gradually developed as the
_load 1ncreased No yield l1ne was observed on the plates .
. €2 and C4. The buckling shapes of qenterllne for these
two specimens also indicated that‘ohly relative small
rotations were developed at!this locationhdue'to the

‘relative ‘thinner thicknesses of the gusset plate and the

splice plate. | % . \

’
4.3.2.2 Behavior Ddrihg Loadiné

The curves-of the-axial load versus vertical
dlsplacement are plotted in’ Pigures 4.18 to 4.21.
Figures 4.22 to 4.25 give the“curves of the.akial loadl
versus lateral d1splacement in which the lateral
_displacement at the mid-point of the longer free edge
was used. The same behavior, as prev1ous case was.

o

observed 1n these curves. However, after reachlng the

‘\maxlmum load the load started to drop 1nstead of

rema1n1ng constant,‘as shown in- the free cases. Th1s
_phenomenon rtould be attrlbuted tojthe partial y1eld1n§

of the splice plate which reduced the rotational '

;estraint at the upper end of the gusset plate. -

@
¥
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The load versus lateral displacement curve for
plate o} (Flg. 4. 25) is dlfferent from other ‘tests, The
reason 'was that before reach1ng the maxlmum load the
‘plate was deflected in one d1rect10n due to the large
'initial imperfection., After reaching its maximum load,..
the plate sprangtbackvto opposite direction with a sharp '
decreasing load. In order to 1llustrate ‘the behav1or
further, both m1d point lateral deflectlon of the lonqer
.and shorter free edges are shown in Flg..4 25. The .

\

curves of average normal compre551ve stress. at the point

‘ -

_of(rqsette gage versus load show that specimens behaved
. 11near1y for thn*r plates’: as shown 1n F1gs. 4. 26 and
4, 28 On the other hand, the th1nner plates behaved
nonllnearly at hlgher load level as shown in Figs. 4.27
and 4. 29 Except for plate c4, the correspondingﬁnormal k
compress1ve stvesses ;p Figs. 4.26 to 4.28 agree fairly

Y

well with‘the normal conipressive stresses in the free

A cases lFigs. 4.12 to 4.14). None of the strain gage

readings exceeded the yield strength of the material.

4.4 Eccentric Loading Test Results.
- T . S _ r
It is customary'to neglect the eccentricity in - .

designing gusset plate connections. However, the

ecceatr1c1ty may cause a s1gn1f1cant reductlon of the lvad

carrying capaQ%ty of gusset plates. Six tests were run oq\

L

two plete spec1mens, E5 ‘and E6,. w1th eccentr1c1ty Thelr‘

dimensions and th1cknesses were 1dent1ca1 to the plate C1

N
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nd C3,frespectiyely. Three tests were conducted on each
fpecimeb, namely, 'Free Case without Sitffener', ‘?}ee Case
ith Stlffenegi;end Fixed Case with Stlffener' These will-
e discussed below in sequence. Because of the 51mllar1ty of
he load Vereus displacemenp (both vertical and lateral)
Qrves to the concentric loading case, the curves ofﬁthis
a;e will not be discussed in this secfion. However, all the
urQes are gfven in Appendix A for cbmpleteness.' .

‘ . | B
.4.1 Free Case without Stiffener

Tests were conducted on plates E5 and E6 vwith a

xccent;icity of 12 mm in order to demonstrate thevimportance

f eccentricity of loading.

4,4 .1 General Observatlon

In both spec1mens the bottom of the test frame

moved 1atera${zé2iztward due to the applled eccentrlc

N

load and produc ielding on the splice plate.
Compress1ve yield lines were ‘observed on the splice
plate at the the 1a4£ row of . bolts of the bracing member
for both plaees. Figure 4.30 shows y}eld lines,at thlS‘
location for.fhe plate E5. The maximum 1oads‘wefe 80.4
kN.and 55.8 kN for plates E5 end E6, réspectively. As
predieted,\the 10ad-car£ying_capacity'decreased -
significantly below ehe buckling‘load as compared with
the previous ;ts‘of“ffee'case of plates C1 and C3

} where thevmaximum loads were 441.7 kN-and 380.1 kN,

respectively. Specimens failed by yieldiné resultinél



‘from bendinglof the splice plates and permanent
deformatien existed in the splice plate after inoading.J
A relatively lerge cehterline deflections comparing with
‘the deflection of the free case of the»specimehs C1 and

C3 was observed. The deformed shapes of both specimens |

are shown ‘in Fig.4.31.

4.4.1.2 Behavio:\During Loading -

The strain gage readings showed that compressive :
yielding occurred en theyeast eide of spliée'plate at!
the conjunction of bracingvmember and gusset plate for’
the plate_E5 cofresponding to i'ts maximum load. On the
west side of the splice plate, unloading was recofgeth;,
However,‘the first compressive. yield iines were obeetved
at the last row of bolts .of the bfacihg member at thei
load of 79.5 kN for plate E5.’The yield”lines'weg;
iocated hiéher than the strain gage locatioh, as shown
“in Figq. ‘4 32 (TYPE A). Therefore, actuai yielding took
place earller than the straln gage read1ng ‘recorded.
‘Slmllar results were observed’ for the plate E6 The
reason thls“occurs 1s because the weakest cross-section-
is at the last row of bolts. Thus, it is reasonable to
assume that the cross- section at the 1ast row of bolts

on the. brac1ng member already fully y1elded bftore

reachlng their maxlmum,load.
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. 4.4.2 Free Case with Stiffener

The‘same.épecimens were then stiffened using additional

splice plates, as shown in Fig. 3.11 and 4.32, and tested
. - k . Y.

\ ' ‘ “.‘ L3 . N 3 » .
lunder‘the‘same boundary conditions as the previous case in

. . .
order to evaluate the effect of stiffener. . _//

4.4.2.1 General Observations e
For the plate E5, an additional splice plate with
thickness of 8.1 mm was placed as shown in Fig. 4,32,

The load-carrying capacity increased significantly, to

'232.8 kN. This is approximately three times higher than .

-

the case without this additional stiffener. However, the

ultimate load did not reach.the load of the free case of

specimen C1. Yield lines formed in the same locatden
(Flg 4.32 TYPE B) as the free case without §ti£fener
before reachlng 1ts max1muM’load Agaln; tke plate
fa;;ed because the load exceeded the combined bending
resistance of‘the splice plate and the stiffener.
V%ere addltlonal spllee plates, each of 8.1 mm
thicknees, were placed on the east 51de of the plate E6
to improve the bending resistance of the splice plate..
The load—carrying cepacity of this specimen also
increased significantly, to 338.6 kN, which i&s
approxlmately 89% of the ultlmate load of the free case

of plate C3. However, it should be noted that the two

specimens (E6 and C3) above had a different arrangement.

. : _ ' : (
and thickness of the splice plates. This would provide

different rotational restraint to the gusset plate.. No
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“yield,lines were observed in the splice plate at its
maximum load., After the load started to decrease, yield’
lines were observed at the conjunction of bracing mefber

and gusset blate due to the large lateral displaceﬁent.

4.4.2.2 Behavior Durihg Loading

Plates E5 and Eé.deformedvih opposite direétions
due to the\aitferent arrangement of ssfffeners.;Tﬁe .
yield lines also occurred at different locations. .

From the gage Teading at the cd&]unctlon of brac1ng
member and gusset plate, plate E5 had compress1ve y1eld
at east side of spllce plate after loa¥ decreased to 210
kN from 1ts maximum load. The yield llnes vere f1rst
observed at a load of 231 kN before reaching its maximum
load. The yield lines wdre located higher than the
“strain gage locatlon, as shown in F1g. 4,32 (TYPE B)
Again, it could assumed that full yleld occurred at the
| last rev of bolts of the bracing member before reaching
its maxépum load. | |

For the plate E6, the first yield lines were
observed at the maximum load on the conjunction of
braciag member and gusset plate right at the lecation of
stra1n gage as shown in Fig 4.32 (TYPE Cc) Because of
the fallure of the stra1n gage on the compre551on side,
‘the strain gage readlngs indicated that tensile yielding
‘was first recorded at a loaa‘cbrrespond;ng'to;the ’

maximum load. Qherefore, partial yielding at this

location changed the boundary condition at the uppe{ end
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‘.:of the gusset plate and 1ess rotat1ona1 reetraint.waq)
prov1ded Thus, the buck11ng load was reduced. The'
spec1men failed as a rihult of the in‘!thct1on between

ﬂK
cross- sect1on strength and sttuctural stability.. v

4.4.3 Fixed Case with Stiffener .

A5
8

The Same platee wfth the seme‘stiffeher were used in
another set of tests with ﬁifferent boundary. As mentioned,
' stoppers were placed on both eides of the test ffemexahd—*
* lateral movement was therety prevented. In this manner;

rotation and translation at both the top and bot tom ends of

the specimens was prohibited.

4.4.3.1 General Observations

The .changing ot the bounda itions aid v

ihcrease the maximum load'eapacity m previous case.
The load 1ncreased from-232.8 kN to 392.5 kN for plate
E5 and from 338.6 kN ¢ 523 2 kN for plate E6. ST
Plate E5, which has only‘one piece of stlffener,
deformed‘eastward. Yield lines ocgurred at the last row
of bolts of the bracing member before the maximum load
was reached. _ , a ’
‘Plate E6. which had three pleces of stlffeners
placed on the east 51de of the gusset plate, deformed
westward. Yield 11nes were observed at the conjunctlon '

of the bracing member and the gusset plate before

reaching its maximum. load:
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- 4.4,3.2 Behavior During Loading

From'gage readings, first cempression yield was
recorded in pla%ﬁ E5 on the east side of splice plate at
the maximum load level. However, f1rst y1e1d observed
was located higher than the straxn-gage location and
QOek placgpperlier. Thus, the same conclusion can be
glawn, that is, the chss-section at the last row of
. bolts of the bracing member is fully yielded at maximum
loadieg.~ | ‘

Tensile yield was reeefdeduon east- side oﬁvsplice
plate at the ;oaa close to the;maximum 1oed for plate
E6, A,large?strain,.which waskapproximafely twice the
yieid strain, was recorded at its maximum loadihg stage,
and the cro¥s section'at the strain gage location

approached fgll.Yield.f

“. w .
TR -

vt e
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5. DISCUSSION OF TEST RESULT L

[

’ . ;L ‘.' - ‘. S .“"

’ s
5.1 Genefal .

In thlS chapter a;}Bons are. made between the\test
results and correspondlng lues as determ1ned by -the

curvent des1gn method presented 1n Chapter 2 and by the
f1n1te element prdgram .BASP (Akay et al. 1977)‘wh1ch has
capability to handle the chkl;ng anaLys1§ of plates« The'
highest applied loade of'each test are first cdmpaned with

" ‘the predicted value using Whitmore's effectiVe width*

concept. For the concentr1c loading case; ‘the results are,m‘

then compared with the BASP resultsa'The beam—column formula

: SN . - L
for a rectangular cross section is used to evaluate the
t . . ) . .

. seccentric’loading case and compared with“the test results.
, oading ca d compared with- t re

7Typicai célbulatieX/éxamples_dsing the effectﬁve width
concept and.-the beam-column formula are given in the. .

Appendix B. - ' R e

' 5.2 Comparison, of Calculation and Test Results - ,

7
]

5.2.1 Calculation using Whitmoré's Concept

]
.

The highest applied load ‘of each test, P is used for

max /
primarythmpariaon and is summarized ianable 5.1. The
correspdnding load—carrying capacity of each plate |

calculated accordlng to the Whitmore's effectlve w1dth
concept is also listed in this Table. As‘expected the:

'effectlve W1dth concept which is based primarily on the I 4

- .88
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ter1al strength of a gusset plate at the end of a brac1ng

*

member glves much hlgher predlcted values than the test
value me, since the test spec1mens were purposely des1gned

to fail in plate buckllng. - ‘ Q. e
|  Also, thlS concept glves*the‘same load-carrying
-%cap;city for the same'thECKness of gussetnplates no matter'
what.the eonfiéUration and~the;boundary conditions ot'the
platevare;_no matter whether the lodd is concentricﬂor ?
eccentrlc, apafné mattermnhether the spl{ce plate-is
stiffened or not. | o | ,) .

» Even though .the ultimate load calculated by the
Whltmore effectlve width concept was Tubstantlally dlfferent ‘
from Praxr the in-plane behav1or of the gusset.plates for
either concentric or eccentr1c case before reaching max1mum
load is 51m11ar to the Whitmore's predlctlon.'Comparlson of
these stresses for contentr1c loadlng tests were shown in
Flgs. 4.12 to 4. 15 for free cases and in Flgs. 4, 26 to 4. 29‘
for fixed cases. The corresponding’nprmal.stress for each
loading stage was calculated using Hooke“s law and the
aVerage strain of the rosette gages ot both/sides of the
gusset platej\;he\magnltude of the normal compre551ve stress
at the end of the dlagonal brac1ng member measured by the
rosette gages agrees reasonably weri with the.normal
compre551ve stresses calculated by the &h1tmore effect1ve

'w1dth concept. However, a large discrepancy exists for the
free caSe‘of'plate C4 (Fig. 4.15 and‘4,295;,The pogsible
reason- for this is the large initial imperfection of this

< . i . -

A
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. specimen, which caused a'iarge~deformation in its early
loadlng stages. After buck11ng or large deformat1on N

occurred these values\become ?’anlngl‘.s. - -

5.2, 2 Caléulation uSing‘Finite Element Program : '

The computer program, BASP, wh1ch can handle the 11near
elastlc buckling problem of plates having st1ffener elements
placed symmetrlcally about the plate, was or1grna1}y wrltten
by Akayvet al.(1977). It wes used herein—to calculate‘the
bpckfing'loads of the éusset plates and_these’Valdes,are

theﬁ’compared w{th the test,results. In the anelysis, the

-

-gusset plétes are assumed,to'be'fixed at the b0underies of
" beam and}column. The adjacent locétion of the bracing member

and the gusset -plate is assumed to be flxed in rotat1on but

free to move out-of- plane for the free cases and f1xed in

both rotation and translatlon for the f1xed cases, as shown

—

in F1g 5.1 The plates were 1deallzed by two dlmen51onal

finite elements. Thicker .elements were used for»the splice

3

plate locations. The applied loads were assumed uniformly

distributed‘among the bolts'On the gusset plate. The

-

<problems solved by this program are treated as a

o

fl1near elastic buckllng problem.
¢ )

"The buckl1ng loads obtalned us1ng the BASP program are
- summarized in Table 5.1. Comparlsons with the test results

-~

are shown Ln.Elgs. 5,2 to 5.5. The absc1sqas in these plots:
.represent the length of the short free.51de the gusset
plaoé. The length of the long_free'side‘isrkept constant at
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850 mm, The solid curve represenég the results us1ng BASP.
It 1nd1cates that the buckl1ng load 1ncreases as the length
decreases The comparlsdn is shown to be in reasonable

.

'agreement. However, large d1screpancy exists for the free

plate locatlon and the un1form d;str1butxon of the, applled

}oad The other is the yielding that occurred in the spllce
plates due to‘the high axial load in the spliced plate and .
the large lateral deformation of phe gusset plate. The élige
thickness at‘the’splice blate location was assumed to be the
total thickness of tﬁe 5plice‘plates pius ;he guéset.plate;,
Hewever,-there miqgt have been eome slight slip between the

- splice plates‘and gusset plate; in which case the bending
rigidity of the plate would be reduced and, consequently,

" the rotational restraint at the splice plate location will

, be decﬁeesed.‘The'yieldinQ that occurred at the spliee plate
also reduced‘the‘£o£atio;a1 reetraint at the conjunction of
the brac1ng member and the gusset plate thereby reducing

" the buckllng capac1ty of the gusset plate. Test results for
the 3.11 mm thin-walled_gusset'plates either in free case or
in fixedzcase agreed fairly well with the BASP resuits.‘The
reason is that no slip‘could have'oecur;ed between the
‘splice plates and the gusset plates due_to the low applied
load, and ndwyieldi;g wae observed on the. splice plates dde_

_to the .relatively rigid splice plate as compared to the

[y
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'st1£fness of the gusset plates Therefore, the assumption of
the boundary cond1t1ons made in the f1n1te elemgnt mdggl is -
reasonable” in these cases. ’ .

The contours of max1mum compress1ve stress, based on
the in- plane analy51s of the‘BASP program, are shown in
.F1gs. &o 5.9 for plates (o} to C4. The location of the
max1mom compress1ve stress 1s located at the end of of the
'compreSSJve_d1agona1 member,for.the 850 -mm~x 700 mh platesi
and is‘below the end of diagonalAmember at the point
adjacent to the edge plate for the 850 mm x 550 mm plates.”
The maximum compressixe stresses of corresponding load
calculated from the rosette gages which are listed on_the
top‘of these figures show HEasohable agreement with the

analytical results. A largé'discrepancy.existed‘forfthe free

»

case of plate C4 (Fig. 5.9)., The possible reason for this is
_ _ »

t large lnitial imperfection.of this specimen, which
ncauséd a large deformation in itsfearly loaoing stages.

- The buckling shapes for the free cases'using BASP are.
shown in Fig, 5.10. In the fre& case of plate Cl; which is
'850 mm x 550 mm x 6.7 mm in size, the buckllng shape of the
'long free edge is - dlfferent from the actual deformatLon’ e
shape (Fig.-4.1). The latter case showsﬁless rotational
‘restraint on the upper end of the gusset plate and also
gives a lower buckling load. The buckling shapes obtalned
using the BASP solution for the’fixed cases‘are shown in

Fig. 5.11, The dlfference is that a relatively large

deformatlon along the centerllne of gusset plate was
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observed ‘insthe test renplts.(Eig. 4.16). This indicates
léss rotdtional réstraint and liss bending tigidity at'the.
splice plate logationl'Consequentiy, it gave a lower
buckling loaéjfor the,thicker“plates. Gengraliy speaking, -
| theiﬁuckling‘shhpes of either the free case or 'fixed casd ™~
nsing the BASP analysis were similat to the deformation

shape of ‘re test spec1mens. The rotati¥nal. restraxnt at the
conjunctlon of the _bracing member and gu;set plate was’ |
assumed complete{y prohibited in the finite element modei,
which increased tne‘buckling load and decreased the hefght

of the infiection point. However, the deformed shapes of
testf%pecimens showed that the rotational restraint on;tne_
top of the gusset plates was not fully fixed. The splice
platgs at this 1ocation acted as rotational sprinés and
ailonéd the gusset, plate to rotate as the load-increased. An
anal&tical study of the effect of the rotational restraint
for plates C1 and C3 will be discussed later in thé section

JR—

of parametric studies (Section 5.3).

-

5;213 Eccentric Load using Beam-Column Equation

It waé found from the tests.cdnaucted on the plates E5
and E6 that the eccentricity initiated the yielding in the
splice plate and eventually caused the failure of the
connection. The bending moment produced by the eccentr1c1ty
'nhlch‘was acting on the wen; ;nls of the spl1ce plate would

not cause lateral torsional buckling of the plate. Thus, it

can be assumed that the sg$1ce plate is an 1solated -
4



- _ . T

beam column and 4s confxned in the plane of load1ng. 1f the
secondary moment due to the lateral d1sp1acement is |
neglected, the ultimate strength of a rectangular

beam-column which has a ful;x}ii:stified cross—section can

be used. Thus, the beam-golum rmulas of a rectangular

< . . : . .
.cross-section can be used to calculate the cross-sectional

1

streﬁgth of.the spliee plates at the location of first &ield

as.:

: P M '
’ (—) 2+ (E)=1.0
N Py M, '
h ’ _ - [5.1]

i

b4

where M . is applied bending moment, M, is plastic ﬁoment, P

is axial compressive load at yield stress and P is applied
axial load. The qalculatéd results are listed in Table 5.1.
. "The results calculsted by theibeam—coluﬁn formula give
a gaod .indication of the maximum loads obtained from the

tests and the actual failure mode occurred. Exeept for the -

U
case of free with stiffener of plate E6, the failure mode o

-

* the gusset plateS’is mainly initiated by the~yieiding of t
Cross- sect1on at the conjunction of the brac1ng m
the gusset plate. This can be conf1rmed by the yield lines
observed in the actual»tests. For the case of free with

stiffener of plate E6, in which no yield lines were observed

~

until maximum.lgad stage: the failure load was 338.6 kN and

approached the buckling load of the free case of plate C3.

The failure of this plate could categorized as a stability -

problem instead of attainment of maximum strepgth based on
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cross-sectional capacity. \x
Comparing the cases with reinforcement to the cases

-

without reinforcement indicates that the eccentricity could

.

curtail the carrying capacity of gusseé plates
significéntly; How§ it also’'implies that the feduction
o?hthe strength due to eccentricity could be minimizgd.or
even avoided by proviéing sufficient stiffeners at the  °
spliég plate locations.
’

5.3 Parametric Studies

The critical stress, o.,, of a uniaxially loaded plate
is directly proportional to the'stiffness of the material,
E, and varies inversely -as the square of theAwidth-thickness

ratio, (b/t)?. The equation can be written as:

@ RT’E .
cr

“12(1-v) (b/t)?
. . | [5.2]

~

where v is Poisson's ratio and k is the plate buckling
coefficie t. The plate'buckling coefficient k is a funétiOn
of the gype of stress, the edge support ¢onditions and the
debthlto‘width ratio a/b. Thé specimens used in the tests«
were an irreqgular shape and the biaxiq;ky loaded plate had a-
varied tbickheﬁs. Therefore, it is difficult to evaluate a-
generaI_form of the critical streés. However, from equation
(5.2&1 the buckling load of a uniform thickness plate is

« directly érbportional to the cube of the thickmess, t'. If -.

splice plates aré added onto such plates, their buckling
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load. will be'inereased'and;the*rate of'incnease‘will depend;:.”
on the ratlo of the thlckness of the spllce plates to the

' TR

thlckness of the gusset plates.\The buck11ng load-w1ll be no .

A

longer a. functlon of - the’ cube of the'. gusset plate thlckness
'_but also a functlon of the spl1ce plate thlckness.l+-“”'

In thlS section a parametrlc study was undertaken u91pg :

*

the follow1ng varlables so that de51gn rule could be .s"'l.~f

'developed : agﬂ‘;,Q#;,_* o '* ‘
. . .;fgﬁ' N » .

. thlckness of gusset plates
2; 51ze of short 51de.of gusse\ plate (longerVSlde yas.kept

-

'-constant at 850 ‘mm) . RO
:,'3.. thlckness of spllce plate w1th f1xed w1dth and length'j-

“v4.“boundary condltlons, w1th e1ther f1xed or free’

X )

-rotat1onal restralnt used on the upper end of the gusset .

vplate.,Both free*c&ses and. fﬂfEd cases were studled“

RS

The analytlcal stud1es used the same . f1n1+e element_

- program BASP and the same model as shown in Flg 5.1 and_theb'

~

_materlal was assumed to be elastlc.tmﬂ

- The compurer results of buckl1ng loads for varled w1dth

a

i and thlckness of gusset plates are llsted 1h Table 5. 2 The
witable 1nd1cates that the buckllng 1oad 1ncreases as theb
w1dth decreasé% By puttlng the data in the form oF buckl1ng

" load curves as shown in Flgs. 5. 12 to 5 14 the buckllng

4

- loads for both free case and fixed case reacheq the same’
'\ B

”magnltude for the,%ame thlckness of gussgt plates as the

uldth of the gusset plates decreased to its. m1n1mum. The

g m1n1mum wrdth'means the gap between the spllce plate and the

\L_:
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beam flange van1shed, as shown 1n Flgs.AS 12 to 5. 14 It ;‘

L3

1mp11es that by extendlng the - spl1ce plates 1nto the ‘beam ‘or-
column the buckllng strength~of the guSset plate w111 B

) 1ncrease 51gn1f1cantly. T <°_

/ : [T ¢ o '

] 2

To evaluate the effect of rotatlonal restralnt on the

£

" upper end}of a gusset plate andgthe effect of the. bendlng

'e r1g1d1ty of the spllce plates, the parametrlc study results”d‘

are glven 1n Table 5 3 accompanled by the test results

Columns named w1th Totat1onal restra1rt and. w1thout g fh E =

Tk rotat1onal restralnt in Table 5, 3 assume a 13 fam splice'

J
Py

plate applled on each side’ of of a gusset plate The‘

y . At

rotatlonal restralnt on the upper . end of a. gusset plate in

Lot "
v

spese two columns 1s assumed to be fixed or free’

LY

%espectlvely. Columns named dnflnlte thlckness of spllce-

plate and w1thout spl1 e plate 1n Table 5 3 assume that an('

1nf1n1te thlckness of spl1ce plate and n0»spllce-plate are
\ N '

¥ !

used in the f1n1te element model respect1vely The infinite

rotatlonal restralnt is prov1ded in bqth caseb on the upper —
. . L '
end of the gusset plate.QThe rotatlonal restralnt od\the

g upper end of a gusset plate performs a very 1mportant role

1n the buckllng strength of a gusset plate, as shown 1n the_’

'f1rst two columns of the table Xhe extreme case was the

¥

free‘case of plate ct, ,1n wh1ch the bucklﬂng load 1s 944 kN -

for’fully rotatlonal restra1nt. Aﬂter the release of the °
_ rotat1onal restra1nt, theéﬁoad_dnops to 150 kN It could be_
used to explaln th;*dlscrepancy between the computer and

-

testrresults'for-the free case of plate, Cls: Partlal.yleldlhgﬁ
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ohserv\d on the spllce plates durlng the test reduced the
rotat1ona1 restralnt on the upper end of the g sset plate
and thlS, in turn, reduced the buckllng stre {gth. The
results for the 1nf1n1te thlckness spllce/plate 1nd1cate

+ that two 13 mm spllce plates in the test/%pec1mers prov1de
| 1nf1n1te rotatlonal restra1nt~and bend /g r1gld1ty for the»
th1nner plates (c2 and-C4). However,;they are not rlgld
'enough for the thicker platesr Datafalso shows that as the

/

thlckness of splice plate approaghes.1ﬁ¥1n1te or zero, the
. 3 : £ : N :

buckling lpads for.different ﬁh,;i"ckness,of{gusset_plat'es with
the same.ged etric,eonfiguratibn-become.a function of the

thickness cube of the gusset plate. It implies that the

v -

buck11ng streng\h of the gésset plates is proportxonal to
\

the cube of the plate 5h€ckness if the flexure stiffness of

' the.spllce plates is }elatlvelywlarge.

From the above/éls¢u551on, four 1mportant conclus1ons

Coe /- . : ’
‘can be made: o — ’

1. With the samg boundary cogdition, same sp&ice»plate and
same thickness'of the ggsset plate, the buckling.ldad;

1ncreases as the width of the gusset plate decreases.z

. r . N

‘2.7 With the same thlckness of gusset plate and same sp11ce
| plate,;the buckllng 1oad increases and %pprbathes the |
.-same magnltude as the width of the gusset plate |
:decreases to 1ts mlnlmum regardless dg the boundary

condition on the top end elther free or flxed\\m>
'f3;,1Rotat10nal restralnt on the upper end of a‘gusset plate

. @

t o is very 1mportant The effect of rotational restra1nt
v L ' e



'\depends upon the relat1ve stlffness of the spllce plate
‘and gusset plate and the bend1ng stlffness of the
-brac1ng member.l. | , [/ S e

pFor the gusset plates with the same boundary conditions
and same geometrlc conflguratlon, the bUekl1ng load is

'iaffected not only by the thlckness >t the gusset plates
but - also the thlckness of the splice plate Howgzer as .
rthe th1ckness of spllce plate 1ncreases or decreases and

approaphes 1nf1n1ty or zero, t%e buckling loads of the

gusset plates w1th dlfferent th1cknesses are affected

1ckness-ef t le gusset plates. Thear
g

roportlonal to the*cube of the gusset

kness.fﬂf”
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6. SUMMARY AND DESIGN GUIDELINE

6.1 Summary

The compressive behavior and buckling strength of

i
.

thin-walled gusset platefébhnections have been examined 5y

- an expefimenkal ihveétigation of‘fuil-scalé diagonal bracing
connections. The test parameters considered included'plate

:;phickhgss, blate size,:bqﬁndary condition, ecéentricity anf_
reinforcement. A.téfal;of 14 tests were run?on six |
éonnéction specimens. Both cﬁrfént'dééign practices andf
finite element solutions werezusedktq compare fhe test -
results., on |

- A parametric study was,undértakeh using the finite
element program BASP‘to investigate the significance of each
‘important'variable.‘The'foilqwihg is a summary of the '

- findings. | 7

1. For. the concentrié loading cases that were examined, the
primarf failure mode'foyithe free cases is overall
buckling of the plate. The maximum de@lecﬁion occyrreé
at the roller locations, For the fixed-&éses; the
failure‘iseinitiated étAthe free edges dué=to.theA{ocal

_bucfling of ﬁhe plate.. The maxihum aefiection4occurred
at the mid-point of 'the longer free edge.

2. Ancther type %f failure may occur in the spliced plate

due to the existence of the eccentricity. Th’;a;s be.en“

shown in the cases of free case without stif ener of the

plates E5 and E6. The reduction, of the strepgth can' be
\ o :



‘of eccentrically loaded ‘€8s~ latkeg,
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- i
signifitant.
The cases with st1ffeners (plates ES "and E6) show that

the rééuctlon of the strength due to the eccentricity

can be minimized by prov1d1ng suff1c1ent stiffeners at’

the splice plate locations.

-

The effective w1dth concept which is currently used in

-

de51gn1ng guSSet plates was found to ‘be very

unconservatlye if the prlmary failure mode is the plate

‘buckling. ™ - . N

In the elastic region the maximum stresses obtained from .

both the tests and the computen solutlons agree falrly
well w1th the whltmore concept of des1gn1ng the gusset
ota¥e. | | D
Despite the_ccmplexity 6g the problem, the finite,%
element solutions are ehown to” be ih reasonable
agreement with the test results. The'discrepancy between

the-tests and the analysis can be attributed to the

=uncertafhty'ofkthe‘boundary restraints and the partial-

/

' yielding observed in the splice plate.

-

Thg"beam-column formula for » rectangular cross-section

e

~

'glves a reasonable predlc( . ¢ e carrying capacity

N !

The rotational restraint ‘- .r the vuundary of a gusset .
plate is found'tofbe a, Very impe  cant parémetér in the

buckllng strength’ of the gUSset plate.'

- The parametrlc study’qhows that 1ncrea51ng the bend1ng

stiffneSS'of the splice plate and extéhding the splice.
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‘plate to Fhe beam and/or column will increase’ the
"buckling stréhgth of the gusset plate siénificéntiy.

Actually, both free and fixed caées'yield'the.éame
byckling load fqr'fhe gusSet plates with the :elativeiy
‘fhick and continnéu splice plates.’ '
10.'fh¢ buckling strength of the gusset platés with the same
size'and'geometric configuration is found to be‘
proﬁortional to %he cube of‘ﬁhe‘thickness of the gusset

-plates if the splice plate provided is the same size and

%
of infinite thickness.
. ’ / ‘
11. The available design methods for compressive loaded
gusset plateé Qave'been found to be inappropriate for: :

determining the compressive behavior and failure of the.

gusset plates.

6.2 Design Guideline for Gusset Plates
Based on:the test results and the parametric study, a

design guideline‘for gusset plates loaded in dompression is
reéommended as bﬁlow; However, it should be noted that the
effects of variables such as thickness, size, boundary
condition, etc. on fhe compressive strength of a gussef
plape which.will be outlined in the next section shOu%d_be
further‘iﬁ&estigated for.the improvemenf Ef the pfoposed
deéi;; récommendation.
"1. Avoid éccentricity, if possible, to prevent premature

failure before'buckiiné. If.eccentricity can not be

avoided, the beam-column formula (Eq.(5.1)) can be used



Ce \ . 120

. ' | .
to calculate the bending strength of the gusset plate.

Further improvement can be made by prov1dlng st1ffeners

at the weakést crgss -section location to increase the

. carrying capacity of the gusset plate.

To increase the buckling strength of a gusset plate,
thicker splice plates are preferred. An alternative is

to extending the bracing member into (such as channel or

‘angle sections back. to back) the gusset plate and bolt

it onto the gusset plate.

The distanceabetween the end of splice plate or bfacfng
member and the flange of the beam and/or column should |
be as small as possible. - : .
The elastic buckling strength of a gusset plate.can be
calculated using an llnear—elastic buckling analysis and
the finite element model as shown in Fig. 5.1, providea
that the thickness of the splice plate is reletively
large compared to the thickness of the gusset plate. An
alternative is to conduct a parametric study with
various geometric configurations to find out the

corresponding plate buckling coefficients k. Then, the

elastic buckllng strength of a gusset plate can be

evaluated by the basic plate buckling formula as

b
i _ k1r2Ett3
P 12(1-99)D -
[6:3]

where-b is the sho:tef free edge of the gusset plate. .

’ "

Before further investigation is undertaken, it is

o
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recommended that the Whitmore effective width method is
) used‘to evaluaté‘the inelastic buckl&ng strength of a
‘gusset plate..Howeyer, the splice plate used in the
connéction should be free from-yielding and have
sufficient bending étiffness;
6.3 Recommendations for Future Research
Further resea;éh should be conducted on the compressive
strength of qusset platé conﬁectionsrin the foI;bQing areasg
'73;~ A parametric étudy to determine the plate buck&éng
coefficient k, as illustrated in the previous design .
guidel{ne, in o}der to calculate the elastic bucklirg
strength of a gqusset plate.
2. Fhf%her studies on the ipfluehce of piate boundaries on
the behavior and strength of the gusset plates.
3. The behav.iox‘ é,_ndbdesi of inelastic buckling offa
| gusset plate shbuid bz:%nveétigated‘by conducting a full
scale gusset plate testing program and evaluating the

Tesults by using inelastic finite element anal

] . ’ )
of variables such as plate thickness, size,{boundary

elements, loading angle, and so on. wr

5. The interaction of the buckling strength between gu%Let
plates and_ bracing member should be examined.

6. The requifemehts for the splice plates and the
stiffeners for the gusset plates loaded in comﬁr;ssion

should be investigated. ¢
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Figure A.18 Load versus Lateral Displacement Curve for Plate

E6 of Fixed Case with Stiffener
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Figure A.19 Load-vérsué Normal.éompressive Stress Curve for

Plate E5 of Fixed Case with Stiffener
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Plate E6 of Pixed Case with Stiffener



APPENDIX B. Calculation Examples

-

A gusset piate w1th the con£1guration and load1ng
arrangement similar to the test specimen E6 as shown in~
?ig. B1,'is usedﬂto'1llustrate tge calculatzon procedures
using the effective width model and the beam-column formula
(Eq (5.1)) proposed in Chapter 5. The actual y1eld strengths
of the splice plate and the gusset plate of 305 MPa and 505

' MPa, respectively, are used in the calculation.
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Figure B.1 Example Connection SeCtn“{A—A

Example 1 - Effective Width Concept: -
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Assume that the compressivé stresseé are uniformly
distributed over an effective area at the end of.the last
row of th? bolts on the splice plate using a spread-out
angle of 30 degrees, as shown inhFig. B2. Then, check the
qtoss—éectional stfenéth at fhe effective _area. Thé max imum

~1load permitted‘by the efféctive width concept without .

reduction factor is

—~— - P = A F

= 568 mm x 6.7 mm x 505 MPa-

700

= 1922 kN

[ ~

Figure B.2 Effective Width Concept

Example 2 - Beam-Column Formula
Cross-section C.in Fig. B1 gives the weakest section
and the,Iapgest_éccentricity. Thus, cross-section C is used

© to check égainst yiélding by the beam-column formulus.

P, =bdo, = 146.9 mm x 8.1 mm x 305 MPa = 363 kN
o, ba 305 MPa x 146.9 mm x (8.1 mm)’ ‘
M, === = : 1 . = 735 kN-mm

X
"

el
-
®

]

g.6 mm x P
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P M g ‘
(—)? + (=) = 1,0 -
Py P ' ‘

p 2 8.6 mm x P '
ST T LA 735 kN-pm = -0

P = 81.2 kN < 1922 kN. P,,, = 81,2 kN
J .



